We present some aspects of photon counting to study scintillators at low temperatures. A time-to-digital converter (TDC) had been configured to acquire several-minute-long streams of data, simplifying the multiple photon counting coincidence technique. Results in terms of light yield and time structure of a ZnWO 4 scintillator are comparable to those obtained with a fast digitizer. Streaming data also provides flexibility in analyzing the data, in terms of coincidence window between the channels, and acquisition window of individual channels. We discuss the effect of changing these parameters, and use them to confirm low-energy features in the spectra of the number of detected photons, such as the 60 keV line from 241 Am in the ZnWO 4 sample. We lastly use the TDC to study the transmission of the optical cryostat employed in these studies at various temperatures.
1 It's a testament to computing progress that just as in 1993, when data sizes of 0.5 Mbytes were deemed nearly prohibitive in this field [8] , the data volumes described here may be considered trivial in the future. To test the efficiency of our reconstruction, we ran this setup for some 5 min-106 utes using a 110 Hz (T = 9.1 ms) frequency square start signal, and used as 107 stops a square signal coming from another function generator with a frequency 108 of roughly 73 Hz (T ′ = 13.7 ms), then studied the differences between recon-109 structed stop times. The direct times were also sent to one of the stop channels.
110
Let T be the true start period, and T < T ′ < 2T be the true stop period.
111
The starts arrive at times t i = iT , and the stops at times t 
125
The mean values of these histograms determine T and T ′ respectively. The
126
histogram of stop time differences is free of entries at or below ∆T and at or 127 above T ′ + ∆T implying no starts or stops are missed and that the stream has 128 been properly reconstructed over this ≈ 5 mn interval. As a control, we have 129 manually degraded the same data set, removing one start and its stop, removing 130 a start that is not followed by a stop, and removing a stop. As expected, these 131 respectively induce misreconstructed periods at T ′ + ∆T , at ∆T , and at 2T ′ .
132
As an additional consistency check, we have calculated the number of expected are also recorded over a pretrigger usually chosen to include the coincidence 183 window.
184
We first consider the influence of the coincidence window on the shape of the spectra, with no cuts applied to the data. For a given coincidence window T coinc , and a scintillator emitting uncorrelated photons with an exponential time constant τ such that n are detected by one PM and m by the other, the coincidence probability is:
This expression, derived in Appendix A and generalized there to multiple time 
201
In the more precise event-by-event approach, as each event is binned into the 
216
The analysis uses identical acquisition windows of 9 µs ensuring that more than 
221
We have carried out a similar analysis using real data obtained from the
222
CRESST ZnWO 4 crystal at 3.4 K in Fig. 6 . The sample was exposed to α 223 and γ particles from an 241 Am source, and concurrently to γ particles from a 224 6 137 Cs source. Data were analyzed using a fixed acquisition window of 1.8 ms, a pretrigger of 0.2 ms, and coincidence windows ranging from 0.01 µs to 10 µs.
226
The top figure shows the rough, uncorrected spectra. The α peak, around 227 300 photons summed on both channels, is the same in all cases, but the lower 228 662 keV 137 Cs line around 180 photons already shows some distortion, and there 229 is more than an order of magnitude difference in the spectra around 50 photons.
230
The larger coincidence windows also show some structure around 18 photons 
(Appendix B). For an infinite window, this yields niτi ni , referred to here as the 261 effective time constant. For a shorter window, the value will be underestimated.
262
For long values, pile-up will lead to an overestimation of this parameter.
Once the average arrival time is determined, cuts based on the time of the first photon and on the average time can be applied to the data to reject pileup in certain cases, and the light yield can be studied with histograms of the number of photons. Using the same notations as before, the number of photons actually counted during acquisition window T acq if there is no pileup will be:
For an infinite window, this number is n i . If the acquisition window is too short, then photons will be missed. Practically, 90% of the photons can be counted for T acq /τ = 2.3. Another effect can occur when the acquisition window is too short compared to the time constant of the scintillator (Figure 4c ): after a first coincidence is detected at the start of an event, the acquisition window is too short to cover the length of the pulse, and a second coincidence can be detected right after the acquisition window on the remaining photons. This second acquisition window will only contain a fraction of the photons which can appear as artefacts in the spectrum of the number of photons. This effect can be repeated again and again, introducing spurious features in the spectra with the following, decreasing, number of photons: and the true number of photons (essentially n i ) will give rise to spurious 274 artefacts at integer multiples j n i .
275
We have studied the effect of the acquisition window using simulated streams 
290
In the case of data with no pileup (Fig. 7) , the mean arrival time and the 291 total number of photons behave as expected from Equations 2 and 3. For the 292 total number of photons, the mode of the distribution is more robust than 293 the mean, and at very short window times (Fig. 7b 1 ) , the distribution itself excess of events in the first time bin (Fig. 7c 1 ) . This is a consequence of the 
311
In the case of data with significant pileup (Fig. 8) , the histogram of the 
316
T acq = 100 ms, Fig. 8b 3 ) , the distribution of the number of photons exhibits 317 spurious peaks at multiples of the true number, as the window is large enough 318 to include several events (T acq ≫ ∆T ), and the time constant of the events 319 is also much smaller than the acquisition window (T acq ≫ τ ). When this is 320 accounted for and the proper peak selected, the total number of photons follows 321 the model. After cuts, the proper pulse shape is reconstructed, except for the 322 longest windows in which the prevalence of pileup leads to the cuts rejecting 323 too many events for a fit on the pulse shape to be performed (Fig. 8c 3 ) .
324
A similar analysis is next carried out on ZnWO 4 , at two temperatures (295 K 325 and 3.4 K) illustrated in Fig. 9 and 10 . Unlike the simulation, the time constant
326
of ZnWO 4 at various temperatures is not known a priori. The analysis has been 327 carried out with a 900 ns coincidence window. As the crystal cools, the effective temperatures, for short acquisition windows, the average time increases with the acquisition window ( Fig. 9a and 10a) contain an artefact echoing the main α line in the spectra, as per Eq. 4 (Fig. 9b 2   337 and 10b 2 ). In the long acquisition windows, there are also artefacts at integer 338 multiples of the α line ( Fig. 9b 3 and 10b 3 ). As the acquisition window changes, to be overestimated ( Fig. 9b and 10b) 
Transmission of optical cryostat

353
We have also used the TDC to study the transmission of the optical cryo- 
Conclusion
398
In the context of a study of scintillators at low temperatures, we have oper- T coinc , what is the probability that it contains at least one photon from each 434 channel (i.e. a coincidence)?
435
First consider the case of two photons arriving independently at times t 1 and t 2 , one on each channel. The joint probability density function is:
where H is the Heaviside step function with a value of 0 for strictly negative 436 arguments and a value of 1 for positive or null arguments. Assume that t 1 < t 2 .
437
Then the probability that the second photon is not coincident, i.e. that it arrives
The same value is obtained assuming that the other photon arrives first (t 2 < t 1 ):
The overall probability of non-coincidence 441 between these two photons is therefore the first probability or the second one, i.e. the sum: is not-coincident with t ′ 2 and so forth. In other words, the probability of non-
447
coincidence is the product of the individual probabilities of non-coincidence:
449
We lastly consider the case where n photons arrive on the first channel, and m on the second, all independently. There is non-coincidence overall if the first photon on the first channel is coincident with no photons on the second channel (p 1m ), and the second photon on the first channel is coincident with no photons on the second channel (p 1m again), and so forth for all the photons on the first channel. The overall probability of non-coincidence is therefore p nm ≡ p n 1m = e −nmTcoinc/τ . The probability that there is a at least one coincidence between the two channels is therefore:
where τ is the time constant on both channels, T coinc is the coincidence window,
450
and n and m are the number of photons on each channel.
451
Generalizing this expression to pulse shapes with multiple time constants is straightforward. For instance, for a probability density function
, the joint probability density function becomes:
then, if t 1 < t 2 , the probability that there is no coincidence is:
The probability of non-coincidence between two photons, one on each channel,
453
is twice this amount:
13 By the same reasoning as previously, it follows that the probability of coincidence between n and m photons on each channel is: We first consider a scintillator emitting photons with a single time constant τ . The system detects n of these photons. The time distribution of these photons will be:
where H is the Heaviside step function. If T acq ≥ 0 is the acquisition window starting at t = 0, then the number of photons actually counted will be
For an infinite window, this number is n. If the acquisition window is too short, 456 then photons will be missed. In practice 90% should be counted for T acq /τ = 2.3.
457
The mean arrival time of photons is given by:
For an infinite window, this yields τ . For a shorter window, the value will be 459 underestimated.
460
In the more general case of a scintillator emitting with several time constants, the time distribution of these photons will be:
The number of photons integrated over time T acq will be:
The mean arrival time of photons is given by: 
20
Figure 5: Comparison of calculated coincidence efficiencies and a simulated flat spectrum processed by the analysis pipeline, for various coincidence windows. Time constant of the scintillator used in simulation is 1 µs; for each event, the number of photons on each channel are drawn from a Poisson distribution whose expected value is itself drawn from a uniform distribution with maximum 100. Abscissae in the plot are the sum of photons on both channels. Spectra are normalized to number of events in the simulation. For a given coincidence window, as the number of photons increases, so does the probability of coincidence. For a given number of photons, as the coincidence window increases, so does the probability of coincidence. The effect is well represented by Eq. 1. For clarity in this figure and the next, error bars are omitted but can be estimated from the bin-to-bin fluctuations.
Figure 6: Effect of coincidence window length on spectra obtained from a ZnWO 4 crystal exposed to α particles from a 241 Am source and to γ particles from a 137 Cs source, at a temperature of 3.4 K. Top: raw spectra, for various coincidence windows. Middle: threshold efficiency functions derived from Eq. A.8. Calling R the ratio of photons on each channel, the solid curves are for R = 1, the long dashed ones for R = 3, and the short dashed ones for R = 6. Bottom: spectra corrected for threshold efficiency using the event-by-event method. Despite the correction, the low energy portion of the spectrum is not properly resolved if the coincidence window was too short (see insert with linear ordinates). At the three shortest wavelengths, transmission varies by less than 0.5% over the temperature range; at the highest wavelength, variation is roughly 1.5%. Error bars are one standard deviation statistical ones. At the highest wavelength, systematic effects may dominate the results.
